The objective of this study is to analyse the spatial diversity and temporal variation of evapotranspiration in the catchment of the Nurzec River in the years 2001-2010. The study is based on MODIS images highlighting monthly accumulated values of evapotranspiration, Normalized Difference Vegetation Index (NDVI), and land use categories. Monthly evapotranspiration was calculated for the whole catchment as well as in different land use categories. The study focuses on assessing the relationship between the values of NDVI and evapotranspiration. The annual ET according to MODIS varied from 392 mm to 458 mm. Deciduous broadleaf forests have a higher ET than other land use categories. The analysis shows a strong correlation between monthly ET and NDVI.
MISCELLANEA GEOGRAPHICA -REGIONAL STUDIES ON DEVELOPMENT Evapotranspiration (ET) is one of the main water cycle processes of the river catchment. In some Polish catchments ET makes up as much as 70% of the precipitation and is an important element of the catchment water balance. An understanding of its quantities and dynamics is useful and necessary for environmentally-oriented water management, which helps to protect the environment. ET depends mainly on the following factors: meteorological variables, spatial diversity of soils and land use and vegetation.
Until relatively recently, evapotranspiration calculations were based mainly on point measurements available from meteorological stations. However, progress and development in remote sensing (RS) have created new opportunities for hydrology. RS has become an important tool for the assessment of evapotranspiration dynamics on different spatial and temporal scales (Calcagno et al. 2007) . Nowadays, evapotranspiration can be estimated for larger areas, even where ground meteorological data are not available. A recently elaborated algorithm to estimate ET was proposed by the Numerical Terradynamic Simulation Group at the University of Montana (Mu et al. 2007; Mu et al. 2009 ). According to this algorithm, which is based on the Penman-Monteith equation, ET estimates are available across the entire globe, using imagery collected by the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument aboard the satellites in NASA's Earth Observing System, Terra and Aqua (About MODIS, n.d.) . Improvements to the MODIS Global Terrestrial Evapotranspiration Algorithm have resulted in the preparation of monthly ET estimates with 1 km resolution available online from NASA (Mu et al. 2011) . These RS datasets are increasingly being used to provide spatial ET estimates on a regional scale (e.g. Jia et al. 2009; Velpuri et al. 2013) or as a first guess for medium-size catchments (e.g. Somorowska 2011) .
In this study, the ET estimates from the MODIS Global ET Project were acquired and analysed in the lowland agricultural catchment of the Nurzec River, which is located in the eastern part of Poland (Fig. 1) . The area of the catchment is about 2087 km 2 . The main objectives of this research are: (1) evaluation of spatial and temporal variability of ET in the Nurzec catchment in the years 2001-2010, (2) assessment of the temporal evolution of NDVI and (3) examination of the relation between 1 km ET and NDVI. Such a relation, described e.g. by the linear regression model, might be useful in further studies for ET downscaling to a finer spatial scale using high resolution NDVI data.
Data and methods
The following data from the MODIS project were acquired for 2001-2010: the ET product labelled 'MOD16A2', the NDVI product labelled 'MOD13A3' and the Land Cover product labelled 'MOD12Q1'. All these data were originally stored in a sinusoidal grid tiling system in HDF format. For this analysis, data were extracted and processed in the ArcGIS (version 9.3.1) for horizontal tile number 19 and vertical tile number 03 (h19v03). The images were re-projected to the Polish coordinate system (PUWG1992) and then the tool 'Extract by mask' was applied to extract ET images within the catchment boundary.
The product 'MOD16A2' represents the amount of transpiration by vegetation and evaporation from the canopy and soil surfaces. This is estimated by an algorithm based on the Analysis of evapotranspiration in the catchment of the Nurzec River, Poland using MODIS data Introduction Penman-Monteith equation from the meteorological 8-day and 16-day remote sensing inputs (land cover, LAI, albedo, FPAR) and daily meteorological inputs (air pressure, air temperature, humidity and insolation) (Mu et al. 2011) .
In order to identify land use categories within the analysed catchment, the product 'MOD12Q1' was applied, which is based on the land use classification compliant with the International Geosphere-Biosphere Program (IGBP), consisting of 17 land use categories, including eleven categories of natural vegetation, three categories of developed and mosaic lands and three categories of non-vegetated lands (King et al. 2004 ). In the Nurzec catchment there are seven land use categories distinguished: deciduous broadleaf forest, evergreen needleleaf forest, mixed forest, grassland, cropland, cropland and natural vegetation mosaic 1 , and herbaceous and forest mosaic 2 . As the Normalized Difference Vegetation Index is considered a good indicator of terrestrial vegetation productivity, it can be useful for the estimation of ET on a regional scale for hydrologic applications (e.g. Szilagyi et al. 1998; Szilagyi 2002; Haynes & Senay 2012) . In this study the relation between the ET and NDVI values was analysed by a simple linear regression model, using the equation ET = a * NDVI + b. Values of NDVI averages and monthly accumulated ET in the summer half of the year (May-October) were correlated for the period 2001-2010. The coefficient of determination r 2 was applied as a measure of the strength of interdependence between the two variables and calculated as follows:
where: ET i -evapotranspiration for the time step i; NDVI i -NDVI for the time step i; ET-mean evapotranspiration; NDVI-mean NDVI.
In order to prove how strong this relationship is, the correlation between ET and NDVI was calculated and analysed in two ways. First, average values for the whole catchment were analysed by correlating the mean monthly NDVI values with the monthly accumulated values of ET. Only the summer half-year (May-October) was considered, neglecting the winter half-year, when the NDVI values were close to zero. Secondly, values of ET and NDVI at pixels were correlated; the correlation between the corresponding pixels from the mean ET map and mean NDVI map for the summer half -year was examined. In both cases, Pearson's correlation coefficient r was calculated.
Additionally, the digital terrain model (DTM) was prepared for the analysed catchment based on the data acquired from the Shuttle Radar Topography Model -SRTM (Jarvis et al. 2008) .
Results and discussion
Temporal and spatial variability of ET Annual, half-year and monthly accumulated values of ET in the Nurzec River catchment are presented in Table 1 The highest values, recorded on the pixel scale, reach the approximate level of 700-800 mm in particular years and occur in forest areas and in the valley of the Nurzec River. This is highlighted by the dark blue colour. The possible explanation for such high annual water consumption is the presence of sources of water that support the ecosystems. This is possible in places with a shallow groundwater level, e.g. coincident with a riparian corridor. It is concluded that, in selected places, a riparian ET can be supported by a shallow aquifer, approaching the surface in the riparian zone. However, this should be proved by separate studies. Additionally, high rates of ET might also occur in places where tree roots are able to reach the water table and extract The mean annual ET in 2001-2010 (421 mm) calculated from MODIS data was 17% lower than the ET estimated from the water balance equation (511 mm), assuming that the 10 year mean value of change in the catchment water storage was equal to zero. This may be a result of the uncertainty of discharge and precipitation data. Discharge uncertainty may be due to several reasons, including e.g. errors in stage and velocity measurements, extrapolation of the stage-discharge relationship beyond the measurement range, or cross-section change. Uncertainty in precipitation may be caused by the limited number of rain gauge stations. Areal precipitation was calculated by the Thiessen polygon method based on data from 5 rain gauge stations located within the catchment. Differences in the 10 year mean annual value between the stations amount to 74 mm. Although the areal precipitation estimate ( ) might be slightly over-or underestimated, it is highly correlated with the ET-MODIS data. The relation for the summer half of the year was approximated by the following equation: It is concluded that deciduous broadleaf forests have higher ET values than other land use categories, with a mean annual ET equal to 488 mm, and the highest mean monthly ET reaching 118 mm in July (Tab. 2, Fig. 6 ). In evergreen needleleaf forest and mixed forest, the mean annual ET was slightly lower (approximately 470 mm).
Relatively high values also occurred in croplands and the natural vegetation mosaic and grasslands where the mean annual ET was equal to 481 mm and 468 mm respectively, whereas the lowest values concern the croplands alone (409 mm). The highest monthly ET values occurred in July 2008 within the deciduous broadleaf forest category and reached 144 mm (Tab. 2, Fig. 4) . 
. Monthly accumulated ET in water years 2001 -2010 in the Nurzec catchment for three land use categories: deciduous broadleaf forest, evergreen needleleaf forest and mixed forest
Relation between evapotranspiration and NDVI In order to examine the relation between ET and NDVI, firstly the monthly mean values of NDVI over the catchment were plotted together with the monthly accumulated values of ET versus time, depicting the approximate common temporal course (Fig. 8) . Like ET, NDVI exhibits strong seasonal variability. (Fig. 8) .
The relationship between mean monthly NDVI and ET values was also illustrated in the scatter chart in Figure 9 . It can be seen that, in the months with the highest monthly accumulated values of ET (June and July), there are also the highest values of NDVI. The trend line was determined for the summer half-year values. The calculated Pearson's correlation coefficient is equal to 0.81, Figure 10 . The ET-NDVI values are plotted for each pixel within the catchment boundaries. The Pearson's correlation coefficient for the whole set of data equals 0.68, which indicates a strong correlation. On the chart, there are two clearly separated point groups. The correlation coefficient (r) calculated separately for each series equals 0.91, indicating a very strong correlation (Fig. 10) . For the same value of NDVI, the corresponding value of ET, as detected by points belonging to series 1, is higher than those ET values detected by series 2. Presumably this can be caused by the availability of water for the ET process: higher in low-lying areas with shallow groundwater, and lower in the upland. In order to detect the location of pixels belonging to these two separate groups, a layer with the spatial distribution of points from series 1 and series 2 was overlaid on the DTM (Fig. 11) . The location of the 1st series of pixels located mainly within low-lying areas of the catchment (with higher soil wetness), visible in the centre, may be a proof of higher ET. The relatively lower ET values detected by series 2 are found in pixels located in the upland areas in the north-eastern part of the catchment. However, the differences in ET in some pixels belonging to both series can't be explained by the 'dry' upland or 'wet' low-lying location. This concerns pixels from both series in the north-eastern and south-western parts of the catchment. Thus, factor analysis, which is beyond the scope of this study, might further be a way to explain the group of main factors (vegetation, location, wetness, groundwater etc.) responsible for the spatiotemporal variability of ET.
Summary and Conclusions
1. The analysis of annual ET in the Nurzec catchment situated in the eastern part of Poland has indicated that 87% of the annual accumulated value of ET comes from the summer half of the year. The mean annual ET for the years 2001-2010 was estimated at 461 mm. This was 17% lower than the mean annual value calculated from the water balance equation, assuming a change in the catchment water storage equal to zero. Several sources of uncertainty could cause such a difference, including uncertainties in discharge and precipitation data. However, the summer half ET-MODIS is highly correlated with precipitation; as precipitation increases, evapotranspiration also rises, proving the reliability of the ET-MODIS data.
2. The analysis of the spatial variability of ET has shown that the highest ET occurred in forested areas, especially in deciduous forests. The mean annual ET in deciduous forest was 488 mm. Relatively high values also occurred in croplands and the natural vegetation mosaic where the mean annual ET was equal to 481 mm. In grasslands, a slightly lower ET value of 468 mm was found. The lowest ET, 409 mm, occurred in croplands.
3. It was proved that in the analysed catchment, the NDVI, as the vegetation vigour indicator, is in a linear response to evapotranspiration for growing conditions in the summer half of [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] the year. A strong correlation was found between ET and NDVI values, both for mean values for the whole catchment as well as for pixel data. Such a relation, described by the linear regression model, might be useful in further studies for ET downscaling to a finer spatial scale using high resolution NDVI data. It is catchment and location-dependent. 4. As the MODIS data have a medium resolution and pixels represent dominant land use and vegetation types, further studies are needed, beyond the scope of this research, to obtain higher resolution ET images, with pixels having more homogeneous land use. This is to be achieved with technologies converting images from a lower (coarser) to higher (finer) spatial resolution using statistically-based models or process-based numerical models (Ha et al. 2013) .
5. Future steps of analysis might include factor analysis as a tool to explain the group of main factors, including vegetation, location, soil wetness, groundwater etc., responsible for the spatiotemporal variability of ET.
